In this study, the first step towards establishing an onsite earthquake early warning system (EWS) in the Tehran region is presented. The system uses the period parameters τ p max and τ c from the first 3 s of the vertical and horizontal components of a P wave, separately and combined. Various regression relations between the magnitude and period parameters were determined for different seismic networks operating in the study area. The data set used in this study contains small ground motions including 194 events with magnitudes between M L 2.5 and 4.6 located within approximately 80 km from the epicentre in the Tehran region. The SDs of the magnitude-scaling relations for all the component categories (vertical, horizontal and total components) based on the τ p max and τ c approaches were estimated to be on the order of ±1.0 and ±1.1 unit of magnitude, respectively. These relations were determined from the small magnitude range of the velocity records (M L 2.5-4.6) as input seismograms. Additional tests were conducted to verify the reliability and robustness of the determined magnitudescaling relations using acceleration records from the 2002 June 22, M L 6.5 Changureh-Avaj earthquake; 2004 May 28, M L 6.1 Firoozabad-Koojour earthquake; 2009 October 17, M L 3.9 Shahre-Rey earthquake and 2011 February 20, M L 4.1 Sharif-Abad earthquake; the first two events (Changureh-Avaj and Firoozabad-Koojour) occurred outside the study area. Among the various regression scaling relations obtained, the estimated magnitude based on the τ p max approach using the vertical components yielded the most stable and reliable results of 6.4 (±0.4), 5.9 (±0.4), 3.3 (±0.5) and 3.8 (±0.3) for the Changureh-Avaj, Firoozabad-Koojour, Shahre-Rey and Sharif-Abad earthquakes, respectively. The magnitudes estimated using the τ c method exhibited more scatter with higher SDs than those using the vertical components using the τ p max approach. Our results also indicate that using the horizontal components produces larger SDs, which may be attributed to the larger site effects; however, the horizontal components can be used as auxiliary available data to provide more constrained information for a multilevels pilot alarm system and to reduce the number of missed or false alarms.
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mountains and is situated north of Tehran. This fault is concave towards the north and extends from the edge of the mountain range in the west to the eastern Alborz mountains and can be considered an upthrust in some places and an overthrust in others (Berberian et al. 1983; Moinfar et al. 1994; Berberian & Yeats 1999) . The North Tehran Fault is the most prominent tectonic structure near the city; it is slightly concave to the south, and its trace is E-W to ENE-WSW. The South/North Rey faults are the most prominent faults in the southern plains in Tehran (Berberian et al. 1983; Moinfar et al. 1994; Berberian & Yeats 1999) . The urban area of Tehran has been developed on alluvial layers accumulated on bedrock by complex geological formation (Moinfar et al. 1994) . According to historical seismic data, the Tehran area has been hit by several strong earthquakes with a return period of about 150 yr (Moinfar et al. 1994; Berberian & Yeats 1999) and has not experienced any disastrous earthquake since 1830, when an estimated 45 000 people were killed (Moinfar et al. 1994; Berberian & Yeats 1999) . The most important historical (e.g. Ambraseys & Melville 1982) and instrumental (from the Iranian Seismological Center catalogue) earthquakes that occurred in the study area are highlighted in Fig. 1 and are listed in Table 1 . Many seismologists believe that there is a high possibility that a strong earthquake will strike Tehran in the near future (e.g. Moinfar et al. 1994) . Therefore, hazard mitigation studies for decreasing earthquake damage severity are necessary. 
E A RT H Q UA K E E A R LY WA R N I N G
Because earthquake motion itself does not have disastrous effects on human life, the prevention of building collapse is believed to be the most effective manner to reduce human casualties. One effective approach to reduce damage is the use of an earthquake early warning system (EWS), which has proven to be an efficient method to mitigate earthquake-related human casualties and injuries (e.g. Kanamori 2005) . This system detects the early signs of an earthquake and provides a few seconds of warning (sometimes even up to tens of seconds) for the oncoming strong waves and has been successfully implemented in many regions around the world with high seismic risks, including Southern California (Allen & Kanamori 2003) , Japan (Odaka et al. 2003) , Taiwan (Wu & Teng 2002) , Italy (Zollo et al. 2009) and Mexico (Espinosa-Aranda et al. 1995) . In general, two approaches have been adopted in EWS applications (Kanamori 2005) : (1) regional and (2) onsite methods. In regional methods, classic seismological algorithms are used to determine the earthquake parameters (including the magnitude, hypocentre distance and strong ground motions) and provide warnings for distant areas using recorded data from close-lying stations.
A regional EWS contains a dense seismic network deployed on the earthquake source area, and the warning time provided depends on the distance between the source and the target area. In onsite methods, the strong ground motion parameters of a waveform that is generally governed by S and surface waves are estimated from the initial part of the P wave at each seismic station. Thus, an estimate of magnitude is sufficient and there is no need to determine magnitude of an event as used in regional methods. Although the onsite approach is faster and could provide useful warnings to sites at short distances by examining only P-wave arrivals, the regional method is more comprehensive and accurate (Allen & Kanamori 2003; Kanamori 2005) . The basic assumption underlying the onsite method is that the initial portion of the P wave, despite its small and non-destructive amplitude, carries valuable information concerning the size of the earthquake. In the Tehran region, high potential seismic sources are distributed throughout the population centres of the city (see Fig. 1 ). Thus, the main aim of this paper is to investigate the possibility of rapid estimation of magnitude in a practical pilot onsite EWS in the Tehran region. For this purpose, the first few seconds of a P wave are utilized to determine the predominant period (τ p max ) and the averaged period (τ c ) using the approach developed by Allen & Kanamori (2003) and the modified approach of Kanamori (2005) , respectively. Scaling magnitude relations are then determined from these period parameters. A basic scientific question in this study is whether the eventual size or characteristics of an earthquake can be predicted from the beginning of the rupture process in the Tehran region using the Allen & Kanamori (2003) and Kanamori (2005) approaches. Note that in the previous studies, only the vertical components were used to determine the magnitude-scaling relation using the period parameters (e.g. Wu & Teng 2002; Allen & Kanamori 2003; Olson & Allen 2005; Wu & Kanamori 2005a ,b, 2008a Zollo et al. 2010) . However, in the current research, data from the horizontal components of the seismograms are used as auxiliary information in addition to the results from the vertical components to provide more constrained estimates for the magnitudes. The present research is the first step towards establishing an EWS in the Tehran region, which is important for seismic hazard mitigation. Our results will be implemented in the Tehran Disaster Mitigation and Management Organization (TDMMO) network as a pilot EWS in the Tehran region. Finally, the reliability and robustness of the results obtained in this study are discussed with emphasis on the poor station distribution (with an average station spacing of approximately 20 km) and the absence of records of any strong earthquake in the study area.
TDMMO affiliated with the Tehran Municipality, is one of the centres in Tehran that has started comprehensive and operational studies for emergency management actions following the occurrence of a possible large earthquake. A network of strong motion seismometers was designed and implemented in the Tehran region in collaboration between TDMMO and the Japan International Cooperation Agency (JICA) in 2009. The network consists of 10 real-time three-component stations distributed in the Tehran region and in a central data hub located at the TDMMO data centre. The sensors are CMG-5T true broad-band feedback accelerometers, each equipped with a GSL CMG-DM24 digitizer and a GSL CMG-EAM communications module. The TDMMO data centre is equipped with the GSL CMG-NAM network acquisition module, which receives data from the stations, stores it in a data set and, simultaneously, makes it available in GCF format (100 sps) for many locally attached and internet-connected clients.
DATA SET
The data used to determine the magnitude-scaling relations were acquired from three different seismic networks currently in operation in the study region. Several organizations, including the Institute of Geophysics University of Tehran (IGUT), the Tehran Center Seismologic Network (TCSN) and the International Institute of Earthquake Engineering and Seismology (IIEES), use velocity proportional sensors (seismic stations with a sampling rate of 50 sps) to constantly monitor earthquakes (see Fig. 1 and Table 2 ). Short period sensors with a period of 1 s are used in the IGUT and TCSN networks. This data set consists of 194 events occurred between 2006 and 2010 with magnitude ranging between M L 2.5 and 4.6, epicentral distances less than 80 km and at least three records of a clear P wave. No large earthquakes occurred in this time period, thus the magnitude-scaling relations could be determined only for a limited range of magnitudes up to M L 4.6. An example of a P wave from the 2007 August 25 M L 4.6 earthquake waveform is presented in Fig. 2 . Bulletins from the Iranian seismological data centres, such as IGUT and IIEES, not only cover short time spans (e.g. from 1995) but also provide magnitudes in different units; the Nuttli magnitude, M N (Nuttli 1973; Rezapour 2005) , and the local magnitude, M L , are used by IGUT and IIEES, respectively. Note that although the IGUT earthquake catalogue covers the time interval from 1995 onwards, we selected the time interval between 2006 and 2010 because the earthquake catalogue was routinely revised during this period. First, we homogenized the different earthquake catalogues for the period between 2006 and 2010. Data from different local earthquake catalogues were compiled, and a linear regression was used to obtain the best linear relation between M N and M L for each event using the available pair of magnitudes (90 common earthquakes between the IGUT and IIEES earthquake catalogues) as described below:
DATA ANALYSIS
The predominant period (τ p max ) was first determined using the approach developed by Allen & Kanamori (2003) , modified the initial idea by Nakamura (1988) as follows:
where X i is the ground velocity, D i represents the time derivative of the ground velocity and α is a smoothing regularization constant. α is set to 0.980 for the data set with a sampling rate of 50 sps. Corresponding records were de-trended and filtered to reduce longperiod noise and to improve the signal-to-noise ratio. High-pass Butterworth filters with corners of 0.1 and 0.4 Hz were used for the data with magnitudes larger and smaller than M L 4.0, respectively. These filter corner frequencies are those producing less scattered amplitudes. The P-phase arrival times were manually selected from the vertical component of the bandpass filtered seismograms with corner frequencies between 0.1 and 10 Hz.
The values of τ p for three different time windows were first calculated as 0.05-1, 0.05-2 and 0.05-3 s after the P-wave arrival time. To manage the effects of transient between-frequency background noise and earthquake signals, time windows were set to start 0.05 s after the P-wave arrival time, and τ p was calculated at each time window separately. τ p max was set as the maximum value of τ p , and this process was repeated for the vertical and horizontal components, both separately and combined. Fig. 3 plots the scaling relation between τ p max and the magnitude, where the individual measurements at different stations are depicted as grey circles and the event-averaged measurements are presented as different colours, depending on the different networks. The τ p max computed for the individual measurements at different stations exhibits large scatter, as reported by other studies (e.g. Wurman et al. 2007; Olivieri et al. 2008) . Note that the best-fit relation computed for the TCSN seismic network displays a different trend and larger scatter compared with the other networks, because of the signal-to-noise ratio of the data recorded by the stations in this network is significantly lower compared to the data recorded in the other seismic networks in the study area. For comparison with other studies at global scale, the results from Olson & Allen (2005) are also presented in Fig. 3 (only for magnitudes up to M L 4.6). Olson & Allen (2005) calculated τ p in a recursive fashion from the vertical components from a much larger number of earthquakes, including events from Japan, Taiwan, Southern California and Alaska.
Finally, the approach developed by Kanamori (2005) was implemented to determine the averaged period (τ c ) for three different time windows, as discussed, for the vertical and horizontal components, separately and combined, based on the following equations:
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Magnitude-scaling relations 279 The coefficients estimated using the τ p and τ c methods described by eqs (7) and (8) where u(t) is the displacement ground motion and v(t) is the time derivative of the ground displacement. To avoid that low-frequency artefact generated by the integration (integration of the velocity records to produce the displacement records), the displacement records were filtered using a high-pass Butterworth filter with corners of 0.075 Hz, and then, the Hanning taper was applied. Similar to the τ p max calculations, the event-averaged τ c are also plotted against M L on a log-linear scale (see Fig. 4 Olivieri et al. 2008) . The coefficients of the best-fit loglinear relation are provided below and are summarized in Table 3 .
As an example of the data processing used in calculating τ p max , the time history of the 2007 August 25, M L 4.6 earthquake is presented in Fig. 5 for both the vertical and horizontal components. In addition, Fig. 6 presents a summary of the calculations for the different time windows used in this study. According to this figure, in general, the calculated τ p max is determined 1-2 s after the P-wave arrival time because of the small ground motion data used in this study. However, the time window of 3 s is assumed to be large enough to produce acceptable results even for the magnitude range used in this study (M L ≤ 4.6), and we base our interpretations below on a 3 s time window.
V E R I F I C AT I O N O F T H E C A L C U L AT E D S C A L I N G R E L AT I O N S
As motioned above to verify our results (see The distribution of the accelerometer stations and earthquakes used for the verification stage is illustrated in Fig. 1 , and their corresponding specifications are listed in Tables 2 and 4. Note that α (the smoothing regularization constant in eq. 4 which is equivalent to 1 -1/sps) is now set to 0.990 and 0.995 for the acceleration data from TDMMO (with 100 sps) and BHRC (with 200 sps), respectively. It is important to clarify that the data from these earthquakes were not used in determining the magnitude-scaling relations as discussed. The estimated magnitudes for these four earthquakes using a 3 s time window for the vertical and horizontal components separately and jointly are summarized in Table 5 . The results from the horizontal components yield larger SDs, which may be due to the site effects. We can observe that magnitudes are overestimated by vertical and underestimated by horizontals. Compared with the τ c results, the results obtained using the τ p max approach are more For example, the left-hand panels illustrate the delay-time of the τ p max measurements during the initial 1 s (horizontal scale) against its measurements during the initial 2 and 3 s of the P wave (vertical scale on top, middle and bottom panels) and plot the corresponding histogram. While up to 3 s of data are used to determine τ p max , the average time window of the P wave required to determine τ p max is less than 2 s for the majority of the data used in this study. accurate and appear to be more reliable because of reduced scattering and smaller SDs (see Table 5 ). The cumulative distribution function for the absolute difference measurements between the observed and calculated magnitudes (plotted in Fig. 7 ) also indicates that the estimated magnitudes using the τ p max approach are more robust than those produced using τ c . This result can be partly explained by the different nature of the methods, as τ p max is defined as the ratio of the velocity and acceleration whereas the averaged period τ c is calculated as the ratio between the displacement and velocity seismograms, which is thus more sensitive to low-frequency noise in the data. Therefore, the following equation represents our preferred equation for a pilot EWS application in the Tehran region based on the SD and accuracy of the results obtained during the verification stage: M = 7.34 log 10 τ max p + 6.36 ± 1.0 for vertical components.
(9)
D I S C U S S I O N A N D C O N C L U S I O N S
We developed magnitude-scaling relations for earthquakes based on period parameters (τ p max and τ c ) using the vertical and horizontal components of P waves, both separately and jointly (eqs 7 and 8). The data set used contained 194 events with local magnitudes in the range of M L 2.5-4.6 that occurred in the Tehran region and that were recorded by at least three stations. Several authors show absence of distance dependence, and this dependency was not included in this study because they were measured for relatively short epicentral distances of less than 80 km. The SDs of our preferred magnitude-scaling relations based on the τ p max and τ c approaches were on the order of ±1.0 and ±1.1, respectively, where larger SDs for the horizontal components may result from site effects. Although the logarithmic period parameters increase almost linearly with magnitude in our data set, the scatter and SDs of the results are large in comparison with similar studies in other parts of the world (e.g. Allen & Kanamori 2003; Olson & Allen 2005 ; Wu et al. A simple diagram that illustrates the shadow zone for an assumed scenario earthquake. An assumed earthquake (black star) was simulated in the east of Tehran on the Mosha Fault. The velocities of the P and S waves are assumed to be on the order of 5.5 and 3.5 km s -1 , respectively. Processing of the data begins (to estimate the magnitude) when the P wave is triggered at the first station (blue circle). For each 1 s duration of processing, the radius of the shadow zone increases approximately 3.5 km (thick red circles), as depicted in the figure. 2007). The large scatter and high SDs result primarily from various factors including the low signal-to-noise ratio, large station separation, absence of records of any large earthquake and the SDs of eq.
(1). As demonstrated in Fig. 3 , the magnitudes calculated using the global-scale data set (Olson & Allen 2005) overestimate the results compared with the presented results in this study, which can be partly explained by the different tectonic environments of the two data sets.
For the magnitude range used in this study, the time window of 3 s is assumed to be large enough to produce acceptable results. However, the time window used for the estimation of the scaling relations should be considered next to the radius of the shadow region (regions near the epicentre of the earthquake), which is about 3.5 km for each second after the arrival of the P wave for the database used in this study. Fig. 8 illustrates the wave front of the P and S waves from an earthquake that occurred at a depth of 10 km with a 48 km epicentral distance. Assuming P-and S-wave velocities on the order of 5.5 and 3.5 km s -1 , respectively, the corresponding shadow zone increases by approximately 3.5 km in radius after each 1 s after triggering the P wave in the corresponding station.
Tests were performed to verify the reliability and the robustness of the proposed magnitude-scaling relations by use of acceleration data, as input for a pilot EWS in Tehran. These data include the acceleration records from the following earthquakes (1) In general, according to the results presented in the verification stage, the estimated local magnitudes based on the vertical components produce more accurate results with smaller SDs for the τ p max approach. Therefore, the corresponding scaling relation provided in eq. (9) can be used for implementing a pilot EWS in the Tehran region to provide a quick and robust estimate of the earthquake size with an SD less than 0.5 unit of magnitude. Furthermore, the results suggest that magnitude observations can be made at stations up to 150-200 km from the epicentre, which occur outside but in the vicinity of the study area.
(2) The results from the verification stage indicate that the estimated magnitudes from the vertical components based on the τ p max approach are not sensitive to the different type of sensors used (seismometer or accelerometer) and produce acceptable estimates of magnitude in terms of accuracy and SD (see Table 5 ).
(3) Given the current density of station coverage and the data set used in the current research (with a small number of events), we also demonstrate that the magnitude-scaling relations based on the τ c approach are not robust and reliable and cannot provide optimal warning in the Tehran region. The deployment of new stations and the occurrence of moderate to larger earthquakes can most likely be used in the future to improve the τ c approach.
(4) Although the results from the horizontal components display large scatter and large SDs, the magnitude-scaling relations based on the horizontal components may be used as auxiliary information to constrain the results and reduce the risk of false and missed alarms in the pilot EWS in the study region. In other words, false detection can greatly be reduced by applying the EWS to three channel recordings simultaneously.
Similarly to other studies around the world (e.g. in Japan, Taiwan and Southern California), we suggest that the predominant period τ p max of the P wave should be used to estimate the earthquake magnitude before the destructive wave arrival in the Tehran region.
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